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The detection of the high-energy neutrino event, IceCube-170922A, demonstrated that multimes-
senger particle astrophysics triggered by neutrino alerts is feasible. We consider time delay signatures
caused by secret neutrino interactions with the cosmic neutrino background and dark matter and
suggest that these can be used as a novel probe of neutrino interactions beyond the Standard Model
(BSM). The tests with BSM-induced neutrino echoes are distinct from existing constraints from
the spectral modification and will be enabled by multimessenger observations of bright neutrino
transients with future experiments such as IceCube-Gen2, KM3Net, and Hyper-Kamiokande. The
constraints are complementary to those from accelerator and laboratory experiments and powerful
for testing various particle models that explain tensions prevailing in the cosmological data.
The new era of multimessenger astroparticle physics
has started thanks to the recent detection of high-energy
cosmic neutrinos [1, 2] and gravitational waves [3, 4]. The
detection of the high-energy neutrino event, IceCube-
170922A [5], gave further motivation for “time domain”
particle astrophysics. Although the significance of the as-
sociation with the flaring blazar TXS 0506+056 is only
∼ 3σ, this flaring blazar was observed at various wave-
lengths [5], including x-rays [6] and GeV-TeV γ rays [7],
which demonstrated the capability of multimessenger ob-
servations initiated by high-energy neutrino observations.
Neutrinos have important clues to particle physics Be-
yond the Standard Model (BSM), as well as the asymme-
try between matter and antimatter. Since the discovery
of high-energy cosmic neutrinos in IceCube, not only the
properties of neutrinos but also different kinds of BSM
physics, including dark matter (DM) and nonstandard
interactions, have been discussed (see, e.g., [8, 9]). In the
Standard Model (with a minimal extension for finite neu-
trino masses), the time delay due to the finite neutrino
mass (mν) is estimated to be ∆t ≈ m2νD/(2E2ν) ≃ 1.5×
10−13 s (mν/0.1 eV)
2
(0.1 PeV/Eν)
2
(D/3 Gpc), which is
much shorter than durations of known astrophysical tran-
sients. Possible time delay between neutrinos and γ rays
have been discussed to place constraints on the weak
equivalence principle (WEP) and Lorentz invariance vio-
lation (LIV) [10–14]. A time delay of a few days was also
reported for IceCube-160731 coincident with a possible
γ-ray counterpart, AGL J1418+0008 [15].
Not only blazar flares but also various transients, such
as long and short γ-ray bursts (GRBs) [16, 17], super-
novae (SNe) [18, 19], transrelativistic SNe [20, 21], and
tidal disruption events (TDEs) [22, 23], are promising
high-energy neutrino emitters. It is natural that elec-
trons and ions are coaccelerated in these sources, and the
temporal and spatial coincidence between neutrinos and
γ rays is expected. Relevant characteristics of various ex-
FIG. 1: Schematic picture of neutrino “echoes” induced by
BSM interactions. See text for details.
tragalactic transient sources considered in the literature
are summarized in Table 1 (see also Refs. [24, 25]).
We explore delayed neutrino signatures induced by
BSM interactions (see Fig. 1) and suggest that they serve
as new probes of secluded interactions with neutrinos
themselves and DM particles. Probing the parameter
space of new interactions is generally important because
they cannot be easily probed by terrestrial experiments
(e.g., [26–29]). While our proposed method is applicable
to different BSM interactions, we focus on two highly mo-
tivated examples that are of broad interest in cosmology
and particle physics. It has been shown that models with
a light mediator (1) can address all small-scale structure
problems [30–35], (2) can alleviate Hubble parameter ten-
sion [36–44], and (3) may account for the muon anoma-
lous magnetic moment [45–50] and (4) neutrino mass [51–
53]. Detections of multiple neutrinos from a transient are
feasible with next-generation detectors [54]. BSM tests
with neutrino echoes are promising in the upcoming era
of time domain multimessenger astrophysics.
Example 1: Neutrino self-interactions. — It
has been discussed that BSM-induced neutrino self-
interactions may occur [85, 86], and models can generate
finite neutrino masses [51–53]. We consider such nonstan-
dard, secret neutrino interactions that may lead to effec-
tive Lagrangians, e.g., L ⊃ gij ν¯iνjφ (for scalars), L ⊃
2TABLE I: List of extragalactic high-energy neutrino sources,
where E˜ isocr is the cosmic-ray energy per logarithmic energy,
DmaxeffNν=1 is the critical distance at which the number of neutri-
nos detected in IceCube-Gen2 [55] is unity (with the assump-
tion of the maximum neutrino production efficiency), pp/pγ
is the typical neutrino production channel, ∆T em is the du-
ration of multimessenger emission, and ρem0 is the local rate
density. All values remain as order of magnitude estimates.
Name E˜ isocr D
maxeff
Nν=1
pp/pγ ∆T em ρ
em
0
[erg] [Mpc] [s] [Gpc−3 yr−1]
LGRBa 1052.5 3000 pγ 101−2 0.1− 1
SGRBb 1050.5 300 pγ 0.1− 1 10− 100
SN (choked jet)c 1050.5 300 pγ 101−4 102 − 103
SN (pulsar)d 1050 200 pp 103−6 103.5 − 104.5
SN (IIn)e 1049 50 pp 106−7 104
Jetted TDEf 1053 5000 pγ 106−7 0.01 − 0.1
Blazar flareg 1054 15000 pγ 105−7 0.1− 1
aLong γ-ray bursts. See Refs. [17, 56–61].
bShort γ-ray bursts. See Refs. [62–64].
cSupernovae powered by choked jets. See Refs. [65–68].
dSupernovae powered by pulsar winds. See Refs. [69–71].
eType IIn supernovae powered by shocks. See Refs. [18, 72–74].
fJetted tidal disruption events. See Refs. [22, 23, 75–77].
gSee Refs. [78–84].
gij ν¯i(iγ
5φ)νj (for pseudoscalars), and L ⊃ gij ν¯i(γµVµ)νj
(for vector bosons), where gij is the coupling param-
eter. Note that, although we do not specify whether
neutrinos are Dirac or Majorana types, the allowed in-
teractions for scalars and pseudoscalars are, e.g., L ⊃
gνLνLφ + c.c. and L ⊃ gNRNRφ + c.c., where νL is the
left-handed neutrino and NR is the right-handed neu-
trino. Remarkably, it has been shown that a 1−100 MeV
scale mediator also enables us to resolve various cos-
mological issues such as the tension in the Hubble pa-
rameter [39–41] and the missing satellite and core-cusp
problems [30, 31]. With the mediator mass mφ, the
resonance interaction with the cosmic neutrino back-
ground (CνB) happens at Eν = m
2
φ/(2mν) ≃ 1.25 ×
1014 eV (mφ/5 MeV)
2
(mν/0.1 eV)
−1
, corresponding to
the IceCube energy range [31, 41, 47, 48, 53, 87–92].
Let us consider the neutrino-(anti)neutrino scattering
process via s channel, νν → φ → νν. In this case, the
angular distribution of the scattered neutrinos is isotopic
in the center-of-momentum frame. (In general, details
depend on the mediator spin as well as the main scat-
tering channel.) In the CνB frame, because of the boost
∼ Eν/√s ∼
√
Eν/mν , we may write
√
〈θ2〉 ≈ C
√
s
Eν
≃ 4.5× 10−8 C
( mν
0.1 eV
) 1
2
(
0.1 PeV
Eν
) 1
2
,
(1)
where θ is the scattering angle and C ∼ 1 for a scalar
or pseudoscalar mediator in the neutrino-neutrino scat-
tering. More generally, for the differential cross section
(dσ/dΩ), the average scattering angle is evaluated via
〈(1 − cos θ)〉 = 1
σ
∫
dΩ (1− cos θ)
(
dσ
dΩ
)
. (2)
For example, Eν = 0.1 PeV and mν = 0.1 eV leads to
〈θ〉 ≈ 2.8×10−8 for a leading neutrino. Resulting angular
spreading may be too small to be seen as a “halo” around
the source, but can be big enough to make a sizable time
delay signal (“neutrino echo”). The geometrical setup is
analogous to γ-ray “pair echoes” proposed as a probe of
intergalactic magnetic fields [93–98], although underlying
interaction processes are completely different. Neutri-
nos scattering during propagation was discussed for SN
1987A [99, 100], but detailed methodology to utilize the
time delay has not been studied.
Large optical depth (conservative) limit: So far, the ex-
pected number of high-energy neutrinos is limited. How-
ever, even if statistics are not large, e.g., Nν ∼ a few,
the sizable effect of BSM interactions exists if the optical
depth to the neutrino scattering is larger than unity,
τν = nνσνD & 1. (3)
The probability for neutrinos to experience the neutrino
scattering is given by 1− exp(−τν). In the large τν limit,
most of the neutrinos are scattered, and the spectral and
flux information can be used to probe BSM neutrino in-
teractions [91, 92, 101]. Large statistics would also be
required, and the current constraints are much weaker
than the ideal bound placed by nνσνH0 < 1 (where H0
is the Hubble constant). Although the diffuse neutrino
limits can be relevant, Ref. [91] showed that such an ideal
limit [e.g., g . 3× 10−4 (mφ/10 MeV) in the scalar me-
diator case] can be achieved for mφ ∼ 20− 30 MeV with
ten years of observations by IceCube-Gen2. As we see
below, the time delay argument can provide us with a
meaningful limit even with limited statistics, without re-
lying much on the spectral information.
In the multiple scattering case, neutrino cascades [87,
88] occur and the arrival angle averaged over scatterings
is given by 〈ϕ2〉 ≈ (τν/3)〈θ2〉 ∝ nνσνDE−1ν . The corre-
sponding characteristic time delay is
∆t ≈ 1
4
〈ϕ2〉D ≃ 500 s
( τν
10
)( D
3 Gpc
)
× C2
( mν
0.1 eV
)(0.1 PeV
Eν
)
. (4)
If the neutrinos arrive within a time window of ∆T that
may be the duration of intrinsic multimessenger emission
(∆T em), possible constraints can be placed by ∆t < ∆T ,
which leads to
σν .
12∆T
D2nν〈θ2〉 . (5)
3This is valid only if D〈θ2〉 . 8∆T , otherwise the
time delay itself does not give a direct constraint
on the cross section because of τν . 1.5. In the
neutrino-neutrino scattering case, this implies ∆T &
30 s C2(D/1 Gpc)(mν/0.1 eV)(Eν/0.1 PeV)
−1
. The de-
tection of neutrinos with Eν implies that some neutrinos
arrive without significant energy losses, for which Eq. (5)
is applied [127]. If one requires the bulk of neutrinos
with Eν survives afterM scatterings, an additional con-
straint, τν . M, may be imposed, but the actual limits
depend on the unknown primary fluence and spectrum.
Eq. (5) typically leads to conservative limits. Note that
for τν ≫ 1 most neutrinos are cascaded down and ap-
pear at sufficiently lower energies. If the optical depth
for the cascaded component is less than unity, the bulk
of the delayed flux is roughly estimated by F casEν (t) ∼∫
dθ˜ 4[2π〈ϕ˜2(t, θ˜)〉]−1/2[θ˜2 + 〈ϕ˜2(t, θ˜)〉]−1e−θ˜2/[2〈ϕ˜2(t,θ˜)〉]
F cas0Eν , where F
cas0
Eν
is the flux of cascaded neutrinos in
the absence of angular spreading [94]. The characteris-
tic time delay of this cascaded component is estimated
to be ∆tcas ∼ (1/12)〈θ2〉M/(nνσν) (cf. Eq. 4). The full
radiative transfer calculation is necessary to consistently
describe the echo flux for arbitrary Eν and τν .
Small optical depth (stronger) limit.— The constraints
discussed above make sense when the coupling is so large
that multiple scattering events occur. However, this may
not be possible for several reasons. First, the coupling
or the scattering cross section may be bounded by other
existing constraints, so that σν cannot be large enough.
Second, the condition D〈θ2〉 . 8∆T is not satisfied. For
example, τν & 1 − 2 is prohibited if the observed time
window ∆T is too short. On the other hand, bright neu-
trino transients such as choked GRB jets and blazar flares
could be detected with a large number of signals (i.e.,
Nν ≫ 1) by future neutrino telescopes such as IceCube-
Gen2 and KM3Net, in which we may still obtain useful
constraints that can actually be better than those from
Eq. (5) and even exceed the mean free path limit [91, 92].
In the small τν limit, most of neutrinos (∼ Nν) are
expected to arrive together with photons within ∆T =
∆T em. However, in the presence of the BSM neutrino
scattering, some neutrinos (∼ τνNν) experience the scat-
tering once during the propagation, and the characteris-
tic time delay is given by:
∆t ≈ 1
2
〈θ2〉
4
D ≃ 77 s
(
D
3 Gpc
)
C2
( mν
0.1 eV
)(0.1 PeV
Eν
)
.
(6)
This expression does not include σν , and with Eq. (4) the
time delay is estimated by ∆t ≈ max[〈ϕ2〉D/4, 〈θ2〉D/8].
The probability distribution of delayed neutrinos in the
small τν limit is expressed as P (t, ϕ;D) ≈ 1/[t +
(Dϕ2/2)](1/σν)(dσν/dθ)|θ=ϕ+2t/(Dϕ) [102]. We remark
that only one scattering matters and the time delay
distribution reflects the differential cross section of the
neutrino-neutrino scattering that is generally inelastic.
Given Nν ≫ 1, stronger limits can be placed for
∆T . 〈θ2〉D/8 (implying τν . 1.5), in which nondetec-
tion of time delayed events itself may be used. In the limit
that the atmospheric background is negligible, the sizable
effect is observable when the number of delayed signals
is larger than unity, i.e., τν & 1/Nν . If the background is
not negligible, one would need τν &
√
N bkgν /Nν , where
N bkgν is the number of background events for a given time
window. In the background-free regime (that is valid for
short duration transients), nondetection of echoes gives:
σν .
2.3
NνnνD, (7)
where the Poisson probability to observe nonzero time
delayed events is set to < 0.9. One should keep in mind
that the neutrino scattering cross section is energy de-
pendent and D〈θ2〉 & 8∆T should be satisfied. Note
that Eq. (5) is applied in the opposite limit.
We show results for a scalar mediator in Fig. 2. Here
contributions from t and u channels are also included [53,
87]. In the resonant region (s ∼ m2φ), we average the
effective cross section by assuming an energy resolution
of ∆ log(Eν) = 0.6 (which is reasonable for high-energy
track events [54]). At Eν = 0.1 PeV, the two cases of
∆T = 3 d and ∆T = 30 s correspond to the large and
small optical depth limits, respectively. We also show
another case of ∆T = 30 s for Eν = 1 PeV, in which the
multiple scattering limit is applied.
Other constraints include one from kaon decay, which
gives g . 0.01 [53, 103, 104]. Note that our echo method
is especially relevant if only tau neutrinos have BSM in-
teractions. Big Bang Nucleosynthesis (BBN) gives a con-
straint of mφ & a few MeV, although details depend on
uncertainty in the extra number of relativistic species
(e.g., [30, 44, 105]). Astrophysical and laboratory limits
are complementary. For example, if neutrinos interact
with the CνB through sterile neutrinos, the limits can
be relaxed, depending on mixing angles [31, 91].
Example 2: Neutrino-DM interactions. — As a
further application of the idea of BSM-induced neutrino
echoes, we discuss neutrinophilic DM models in which
DM and neutrinos share a new interaction. Very intrigu-
ingly, such models give a possible solution to cosmolog-
ical issues [30, 31, 35, 38, 39, 42] and can explain the
muon anomalous magnetic moment [47, 48, 50]. For il-
lustration, we consider a simple extension of the vector
model mentioned above in which the new gauge boson
also couples to a Dirac fermion DM, L ⊃ gνVµν¯γµν +
gXVµX¯γ
µX , where X denotes the DM with a mass mX .
New gauge bosons appear in many BSM scenarios [106],
and additional broken U(1) gauge symmetries leading to
vector bosons were predicted by grand unification theo-
ries [107, 108]. While the neutrinos and DM may have
different charge assignments, here we take them to be
equal and assume gν = gX = g.
The above model is accompanied by neutrino-DM scat-
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FIG. 2: Expected neutrino echo constraints on secret neutrino
interactions via a scalar mediator. The distance and neutrino
mass are D = 3 Gpc andmν = 0.1 eV, respectively, and Nν =
10 is used for the small optical depth limit. The parameter
space relaxing the Hubble parameter tension for the cosmic
microwave background (CMB) [40, 44] is shown together with
constraints assuming ΛCDM cosmology (shaded regions).
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FIG. 3: Expected constraints on secret neutrino interactions
via a vector mediator in the presence of DM. The neutrino
energy is set to Eν = 0.1 PeV, andD,mν andNν are the same
as in Fig. 2. Lyman-α constraints from the kinetic decoupling
for neutrino-DM scatterings are shown as conservative limits
for different DM masses. The parameter space proposed to
solve the small-scale structure abundance problem [30] is also
indicated (light shaded regions). The CMB constraints shown
in Fig. 2 are applied to the neutrino-neutrino scattering.
terings, and the resulting constraints are shown in Fig. 3.
As in the previous case, if a bright neutrino transient
with short duration is observed, we may place strong
constraints even in the small optical depth limit, which
can be more stringent than previous ones [92, 101, 109–
112]. Here the coupling should be regarded as an effec-
tive parameter. The real coupling to the Standard Model
can be made neutrinophilic via coupling the gauge boson
to heavy sterile neutrinos. However, their effect is still
felt as they effectively endow the active neutrinos with a
mixing suppressed coupling to the new mediator. Such
models have been explored in Refs. [113–115].
For the t channel, we find that the multiple scattering
limit may not be applicable to most transients due to
large values of 〈θ2〉 for relatively heavy DM. The cases
for ∆T = 30 s are shown in Fig. 3, where the constraint
is given for the small optical depth limit (but with the
replacement of nν with nX). As we see, the limits are
more stringent for lower-mass mediators. The resulting
constraint is comparable to that expected from detailed
analyses with spatial and spectral information [101].
We note that the time delay from neutrino-DM
scatterings receives contributions from both the Milky
Way DM halo and extragalactic DM components.
As known for decaying DM signals, the DM located
in the line of sight is almost comparable because of
RMW̺
local
X ∼ H−10 ̺X & D̺X , where RMW ∼ 10 kpc
is the typical size of the Milky Way. For the Galac-
tic contribution, the condition ∆T & RMW〈θ2〉/8 is
more easily satisfied, which may lead to σνX . 5.4 ×
10−24 cm2 (∆T/1 d)(RMW/10 kpc)
−2
C−2 (Eν/0.1 PeV).
Here C depends on ∼ mV /√s for the t channel. For
models that lead to sufficiently small scattering an-
gles, the time delay in the large optical depth limit
becomes independent of the DM mass, implying σνX .
10−28 cm2 (∆T/1 d)(D/1 Gpc)−2C−2 (Eν/0.1 PeV).
Although such limits would be weaker than the cosmol-
ogy limits, σνX . 10
−33 cm2 [116], it takes place at
much higher center-of-momentum energies.
Finally, we comment on other constraints that can be
relevant. If neutrino-DM scatterings are efficient in the
early Universe it can inject energy and potentially “heat”
the cold DM such that Lyman-α bounds on the small-
scale structure are violated [30, 116–118]. This effect
can be used to explain small-scale structure problems of
cold DM [30], and the region favored by this argument is
shown in Fig. 3. Couplings above these regions are ex-
cluded. Additionally, note that neutrinophilic DM should
not thermalize for DM masses at the MeV scale [119], al-
though a narrow window of thermal neutrinophilic DM
exists below a MeV [120, 121]. Finally, in models with di-
rect couplings to active neutrinos laboratory constraints
from Z and meson decays can be strong [48, 103, 104].
Summary and discussion.— We proposed detailed
time delay signatures as a novel probe of BSM neutrino
interactions. Notably, BSM-induced neutrino echoes gen-
erally predict ∆t ∝ E−1ν C2. This is distinct from predic-
tions of other BSM signatures such as LIV and WEP
violation (see a review [8]). For example, LIV shifts the
light velocity by (Eν/ζnMpl)
n
(where Mpl is the Planck
mass), leading to ∆t = D(Eν/ζnMpl)
n (e.g., [98, 122]).
For neutrino-neutrino scatterings, cosmological time de-
lays are dominant. On the other hand, the Milky Way
5DM contributes to neutrino-DM scatterings. This im-
plies that DM in the host galaxy may also contribute to
the time delay depending on ∆T and 〈θ2〉.
Neutrino echo constraints can be placed without large
statistics of neutrino events. If a bright transient occurs,
we can even go beyond the mean free path limit with-
out relying on details of neutrino spectra. Nondetection
of echoes lead to powerful constraints as long as we only
have coincident detections. Possible detections open up a
new window for BSM neutrino physics. In the small opti-
cal depth limit that is more likely, we could directly mea-
sure the differential cross section. In the other limit, the
delayed cascaded component accompanied by the strong
absorption feature in the neutrino spectrum serves as a
testable prediction. The relevant parameter space probed
by current and future multimessenger observations of
neutrino transients is complementary to those from accel-
erator and laboratory experiments such as DUNE [28, 29]
and COHERENT [26, 27]. We demonstrated that our
method is particularly powerful for light mediator mod-
els, which are extensively discussed in the context of “self-
interacting neutrino cosmology” [37–39, 41, 42, 116] and
substructure problems [30, 31, 35], and has been invoked
to explain the muon anomalous magnetic moment [45–50]
and neutrino masses [51–53].
We provided intriguing examples for “time domain”
multimessenger astroparticle physics, cosmology, and
particle physics. BSM tests with neutrino echoes are gen-
eral and various types of BSM interactions [9] including
the long-range one [123] could be considered. Neutrino
transients (e.g., supernovae) should exist and the pro-
posed method is applicable to lower-energy (e.g., GeV–
TeV) neutrino transients including the next Galactic su-
pernova, for which ∼ 100 − 1000 events of high-energy
neutrinos can be detected in IceCube and KM3Net [19].
Even supernova neutrino bursts in the MeV range will
give us useful constraints, because the time delay is ∆t ≃
260 s (D/10 kpc)C2(mν/0.1 eV)(Eν/100 MeV)
−1
. De-
tections are even more promising for next-generation neu-
trino detectors such as IceCube-Gen2 [55], KM3Net [124]
and Hyper-Kamiokande [125]. Searches can also be per-
formed for not only a single transient but also “stacked”
samples of short duration transients.
Acknowledgements.— We thank Peter Denton,
Walter Winter, and an anonymous referee for useful
comments. This work is supported by the Alfred P.
Sloan Foundation, NSF Grants No. PHY-1620777 and
No. AST-1908689 (K.M.), as well as the U.S. Department
of Energy under Award No. DE-SC0020250 (I.M.S.).
K.M. acknowledges the Munich Institute for Astro- and
Particle Physics (MIAPP) of the DFG cluster of excel-
lence “Origin and Structure of the Universe”, and he ad-
vanced this project during the workshop in February –
March 2018. As the manuscript was being completed, we
became aware of a related but independent work [126].
[1] M. Aartsen et al. (IceCube Collaboration),
Phys.Rev.Lett. 111, 021103 (2013), 1304.5356.
[2] M. Aartsen et al. (IceCube Collaboration), Science 342,
1242856 (2013), 1311.5238.
[3] B. P. Abbott et al. (Virgo, LIGO Scientific Collabora-
tion), Phys. Rev. Lett. 116, 061102 (2016), 1602.03837.
[4] B. Abbott et al. (Virgo, LIGO Scientific Collaboration),
Phys. Rev. Lett. 119, 161101 (2017), 1710.05832.
[5] M. G. Aartsen et al. (IceCube, Fermi-LAT, MAGIC,
AGILE, ASAS-SN, HAWC, H.E.S.S., INTEGRAL,
Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru,
Swift NuSTAR, VERITAS, and VLA/17B-403 Collab-
orations), Science 361, eaat1378 (2018), 1807.08816.
[6] A. Keivani et al. (AMON Collaboration), Astrophys. J.
864, 84 (2018), 1807.04537.
[7] S. Ansoldi et al. (MAGIC Collaboration), Astrophys. J.
Lett. (2018), [Astrophys. J.863,L10(2018)], 1807.04300.
[8] M. Ahlers, K. Helbing, and C. Pe´rez de los Heros, Eur.
Phys. J. C78, 924 (2018), 1806.05696.
[9] M. Ackermann et al., Bull. Am. Astron. Soc. 51, 215
(2019), 1903.04333.
[10] Z.-Y. Wang, R.-Y. Liu, and X.-Y. Wang, Phys. Rev.
Lett. 116, 151101 (2016), 1602.06805.
[11] J. Ellis, N. E. Mavromatos, A. S. Sakharov, and E. K.
Sarkisyan-Grinbaum, Phys. Lett. B789, 352 (2019),
1807.05155.
[12] S. Boran, S. Desai, and E. O. Kahya, Eur. Phys. J. C79,
185 (2019), 1807.05201.
[13] R. Laha, Phys. Rev. D100, 103002 (2019), 1807.05621.
[14] J.-J. Wei, B.-B. Zhang, L. Shao, H. Gao, Y. Li, Q.-Q.
Yin, X.-F. Wu, X.-Y. Wang, B. Zhang, and Z.-G. Dai,
JHEAp 22, 1 (2019), 1807.06504.
[15] F. Lucarelli et al., Astrophys. J. 846, 121 (2017),
1707.08599.
[16] B. Paczynski and G. H. Xu, Astrophys. J. 427, 708
(1994).
[17] E. Waxman and J. N. Bahcall, Phys.Rev.Lett. 78, 2292
(1997), astro-ph/9701231.
[18] K. Murase, T. A. Thompson, B. C. Lacki, and J. F.
Beacom, Phys.Rev. D84, 043003 (2011), 1012.2834.
[19] K. Murase, Phys. Rev. D97, 081301(R) (2018),
1705.04750.
[20] K. Murase, K. Ioka, S. Nagataki, and T. Nakamura,
Astrophys.J. 651, L5 (2006), astro-ph/0607104.
[21] N. Gupta and B. Zhang, Astropart.Phys. 27, 386
(2007), astro-ph/0606744.
[22] K. Murase, AIP Conf. Proc. 1065, 201 (2008).
[23] X.-Y. Wang, R.-Y. Liu, Z.-G. Dai, and K. S. Cheng,
Phys. Rev. D84, 081301(R) (2011), 1106.2426.
[24] C. Gue´pin and K. Kotera, Astron. Astrophys. 603, A76
(2017), 1701.07038.
[25] K. Murase and I. Bartos, Ann. Rev. Nucl. Part. Sci. 69,
477 (2019), 1907.12506.
[26] K. Scholberg, Phys. Rev. D73, 033005 (2006), hep-
ex/0511042.
[27] P. B. Denton, Y. Farzan, and I. M. Shoemaker, JHEP
07, 037 (2018), 1804.03660.
[28] Y. Farzan and I. M. Shoemaker, JHEP 07, 033 (2016),
1512.09147.
[29] P. Ballett, M. Hostert, S. Pascoli, Y. F. Perez-Gonzalez,
Z. Tabrizi, and R. Zukanovich Funchal, Phys. Rev.
6D100, 055012 (2019), 1902.08579.
[30] L. G. van den Aarssen, T. Bringmann, and C. Pfrom-
mer, Phys. Rev. Lett. 109, 231301 (2012), 1205.5809.
[31] J. F. Cherry, A. Friedland, and I. M. Shoemaker (2014),
1411.1071.
[32] A. Loeb and N. Weiner, Phys. Rev. Lett. 106, 171302
(2011), 1011.6374.
[33] S. Tulin, H.-B. Yu, and K. M. Zurek, Phys. Rev. Lett.
110, 111301 (2013), 1210.0900.
[34] M. Kaplinghat, S. Tulin, and H.-B. Yu, Phys. Rev. Lett.
116, 041302 (2016), 1508.03339.
[35] S. Tulin and H.-B. Yu, Phys. Rept. 730, 1 (2018),
1705.02358.
[36] A. G. Riess, S. Casertano, W. Yuan, L. M. Macri, and
D. Scolnic, Astrophys. J. 876, 85 (2019), 1903.07603.
[37] F.-Y. Cyr-Racine and K. Sigurdson, Phys. Rev. D90,
123533 (2014), 1306.1536.
[38] M. Escudero, JCAP 1902, 007 (2019), 1812.05605.
[39] M. Escudero, D. Hooper, G. Krnjaic, and M. Pierre,
JHEP 03, 071 (2019), 1901.02010.
[40] C. D. Kreisch, F.-Y. Cyr-Racine, and O. Dor (2019),
1902.00534.
[41] G. Barenboim, P. B. Denton, and I. M. Oldengott, Phys.
Rev. D99, 083515 (2019), 1903.02036.
[42] M. Park, C. D. Kreisch, J. Dunkley, B. Hadzhiyska,
and F.-Y. Cyr-Racine, Phys. Rev.D100, 063524 (2019),
1904.02625.
[43] F. Forastieri, M. Lattanzi, and P. Natoli (2019),
1904.07810.
[44] N. Blinov, K. J. Kelly, G. Z. Krnjaic, and S. D. McDer-
mott, Phys. Rev. Lett. 123, 191102 (2019), 1905.02727.
[45] M. Pospelov, Phys. Rev. D80, 095002 (2009),
0811.1030.
[46] W. Altmannshofer, S. Gori, M. Pospelov, and I. Yavin,
Phys. Rev. Lett. 113, 091801 (2014), 1406.2332.
[47] T. Araki, F. Kaneko, Y. Konishi, T. Ota, J. Sato,
and T. Shimomura, Phys.Rev. D91, 037301 (2015),
1409.4180.
[48] T. Araki, F. Kaneko, T. Ota, J. Sato, and T. Shimo-
mura, Phys. Rev. D93, 013014 (2016), 1508.07471.
[49] W. Altmannshofer, C.-Y. Chen, P. S. Bhupal Dev, and
A. Soni, Phys. Lett. B762, 389 (2016), 1607.06832.
[50] A. Kamada, K. Kaneta, K. Yanagi, and H.-B. Yu, JHEP
06, 117 (2018), 1805.00651.
[51] Y. Chikashige, R. N. Mohapatra, and R. Peccei,
Phys.Lett. B98, 265 (1981).
[52] G. B. Gelmini and M. Roncadelli, Phys. Lett. 99B, 411
(1981).
[53] K. Blum, A. Hook, and K. Murase (2014), 1408.3799.
[54] M. Ackermann et al., Bull. Am. Astron. Soc. 51, 185
(2019), 1903.04334.
[55] M. Aartsen et al. (IceCube-Gen2 Collaboration) (2014),
1412.5106.
[56] K. Murase and S. Nagataki, Phys. Rev. D73, 063002
(2006), astro-ph/0512275.
[57] K. Murase, Phys.Rev. D78, 101302(R) (2008),
0807.0919.
[58] X.-Y. Wang and Z.-G. Dai, Astrophys. J. 691, L67
(2009), 0807.0290.
[59] Z. Li, Phys.Rev. D85, 027301 (2012), 1112.2240.
[60] H.-N. He, R.-Y. Liu, X.-Y. Wang, S. Nagataki,
K. Murase, et al., Astrophys.J. 752, 29 (2012),
1204.0857.
[61] S. Hummer, P. Baerwald, and W. Winter,
Phys.Rev.Lett. 108, 231101 (2012), 1112.1076.
[62] S. S. Kimura, K. Murase, P. Me´sza´ros, and K. Kiuchi,
Astrophys. J. 848, L4 (2017), 1708.07075.
[63] S. S. Kimura, K. Murase, I. Bartos, K. Ioka, I. S.
Heng, and P. Me´sza´ros, Phys. Rev. D 98, 043020 (2018),
1805.11613.
[64] D. Biehl, J. Heinze, and W. Winter, Mon. Not. Roy.
Astron. Soc. 476, 1191 (2018), 1712.00449.
[65] P. Me´sza´ros and E. Waxman, Phys.Rev.Lett. 87,
171102 (2001), astro-ph/0103275.
[66] S. Razzaque, P. Me´sza´ros, and E. Waxman, Phys. Rev.
Lett. 93, 181101 (2004), [Erratum: Phys. Rev. Lett. 94,
109903 (2005)], astro-ph/0407064.
[67] S. Ando and J. F. Beacom, Phys. Rev. Lett. 95, 061103
(2005), astro-ph/0502521.
[68] K. Murase and K. Ioka, Phys.Rev.Lett. 111, 121102
(2013), 1306.2274.
[69] K. Murase, P. Me´sza´ros, and B. Zhang, Phys.Rev.D79,
103001 (2009), 0904.2509.
[70] K. Fang, K. Kotera, K. Murase, and A. V. Olinto, JCAP
1604, 010 (2016), 1511.08518.
[71] K. Fang, B. D. Metzger, K. Murase, I. Bartos, and
K. Kotera, Astrophys. J. 878, 34 (2019), 1812.11673.
[72] B. Katz, N. Sapir, and E. Waxman (2011), 1106.1898.
[73] M. Petropoulou, S. Coenders, G. Vasilopoulos, A. Kam-
ble, and L. Sironi, Mon. Not. Roy. Astron. Soc. 470,
1881 (2017), 1705.06752.
[74] K. Murase, A. Franckowiak, K. Maeda, R. Margutti,
and J. F. Beacom, Astrophys. J. 874, 80 (2019),
1807.01460.
[75] L. Dai and K. Fang, Mon. Not. Roy. Astron. Soc. 469,
1354 (2017), 1612.00011.
[76] N. Senno, K. Murase, and P. Meszaros, Astrophys. J.
838, 3 (2017), 1612.00918.
[77] C. Lunardini and W. Winter, Phys. Rev. D95, 123001
(2017), 1612.03160.
[78] A. Atoyan and C. D. Dermer, Phys.Rev.Lett. 87,
221102 (2001), astro-ph/0108053.
[79] F. Halzen and D. Hooper, Astropart. Phys. 23, 537
(2005), astro-ph/0502449.
[80] C. D. Dermer, K. Murase, and H. Takami, Astrophys.
J. 755, 147 (2012), 1203.6544.
[81] C. D. Dermer, K. Murase, and Y. Inoue, JHEAp 3-4,
29 (2014), 1406.2633.
[82] M. Petropoulou, S. Coenders, and S. Dimitrakoudis, As-
tropart. Phys. 80, 115 (2016), 1603.06954.
[83] F. Halzen and A. Kheirandish, Astrophys. J. 831, 12
(2016), 1605.06119.
[84] S. Gao, M. Pohl, and W. Winter, Astrophys. J. 843,
109 (2017), 1610.05306.
[85] Z. Bialynicka-Birula, Nuovo Cim. 33, 1484 (1964).
[86] D. Yu. Bardin, S. M. Bilenky, and B. Pontecorvo, Phys.
Lett. 32B, 121 (1970).
[87] K. Ioka and K. Murase, PTEP 2014, 061E01 (2014),
1404.2279.
[88] K. C. Y. Ng and J. F. Beacom, Phys.Rev. D90, 065035
(2014), 1404.2288.
[89] M. Ibe and K. Kaneta, Phys.Rev. D90, 053011 (2014),
1407.2848.
[90] A. DiFranzo and D. Hooper, Phys. Rev. D92, 095007
(2015), 1507.03015.
[91] I. M. Shoemaker and K. Murase, Phys. Rev. D93,
085004 (2016), 1512.07228.
[92] K. J. Kelly and P. A. N. Machado, JCAP 1810, 048
7(2018), 1808.02889.
[93] R. Plaga, Nature 374, 430 (1995).
[94] K. Ichiki, S. Inoue, and K. Takahashi, Astrophys. J.
682, 127 (2008), 0711.1589.
[95] K. Murase, K. Takahashi, S. Inoue, K. Ichiki, and S. Na-
gataki, Astrophys. J. 686, L67 (2008), 0806.2829.
[96] K. Takahashi, K. Murase, K. Ichiki, S. Inoue, and S. Na-
gataki, Astrophys. J. 687, L5 (2008), 0806.2825.
[97] K. Murase, B. Zhang, K. Takahashi, and S. Na-
gataki, Mon. Not. Roy. Astron. Soc. 396, 1825 (2009),
0812.0124.
[98] K. Murase, Phys. Rev. Lett. 103, 081102 (2009),
0904.2087.
[99] E. W. Kolb and M. S. Turner, Phys. Rev. D36, 2895
(1987).
[100] M. Lindner, T. Ohlsson, and W. Winter, Nucl. Phys.
B622, 429 (2002), astro-ph/0105309.
[101] C. A. Argu¨elles, A. Kheirandish, and A. C. Vincent,
Phys. Rev. Lett. 119, 201801 (2017), 1703.00451.
[102] C. Alcock and S. Hatchett, Astrophys. J. 222, 456
(1978).
[103] A. P. Lessa and O. L. G. Peres, Phys. Rev.D75, 094001
(2007), hep-ph/0701068.
[104] R. Laha, B. Dasgupta, and J. F. Beacom, Phys. Rev.
D89, 093025 (2014), 1304.3460.
[105] B. Ahlgren, T. Ohlsson, and S. Zhou, Phys. Rev. Lett.
111, 199001 (2013), 1309.0991.
[106] P. Langacker, Rev. Mod. Phys. 81, 1199 (2009),
0801.1345.
[107] D. London and J. L. Rosner, Phys. Rev. D34, 1530
(1986).
[108] J. L. Hewett and T. G. Rizzo, Phys. Rept. 183, 193
(1989).
[109] P. F. de Salas, R. A. Lineros, and M. To´rtola, Phys.
Rev. D94, 123001 (2016), 1601.05798.
[110] M. M. Reynoso and O. A. Sampayo, Astropart. Phys.
82, 10 (2016), 1605.09671.
[111] S. Pandey, S. Karmakar, and S. Rakshit, JHEP 01, 095
(2019), 1810.04203.
[112] K.-Y. Choi, J. Kim, and C. Rott, Phys. Rev. D99,
083018 (2019), 1903.03302.
[113] M. Pospelov, Phys. Rev. D84, 085008 (2011),
1103.3261.
[114] B. Bertoni, S. Ipek, D. McKeen, and A. E. Nelson,
JHEP 04, 170 (2015), 1412.3113.
[115] B. Batell, T. Han, D. McKeen, and B. S. E. Haghi,
Phys. Rev. D97, 075016 (2018), 1709.07001.
[116] R. J. Wilkinson, C. Boehm, and J. Lesgourgues, JCAP
1405, 011 (2014), 1401.7597.
[117] C. Boehm, P. Fayet, and R. Schaeffer, Phys. Lett.B518,
8 (2001), astro-ph/0012504.
[118] D. Hooper, M. Kaplinghat, L. E. Strigari, and K. M.
Zurek, Phys. Rev. D76, 103515 (2007), 0704.2558.
[119] C. Boehm, M. J. Dolan, and C. McCabe, JCAP 1308,
041 (2013), 1303.6270.
[120] A. Berlin and N. Blinov, Phys. Rev. Lett. 120, 021801
(2018), 1706.07046.
[121] A. Berlin and N. Blinov, Phys. Rev. D99, 095030
(2019), 1807.04282.
[122] U. Jacob and T. Piran, Nature Phys. 3, 87 (2007), hep-
ph/0607145.
[123] M. Bustamante and S. K. Agarwalla, Phys. Rev. Lett.
122, 061103 (2019), 1808.02042.
[124] S. Adrian-Martinez et al. (KM3Net Collaboration), J.
Phys. G43, 084001 (2016), 1601.07459.
[125] K. Abe et al. (Hyper-Kamiokande Proto-Collaboration)
(2018), 1805.04163.
[126] S. Koren (2019), 1903.05096.
[127] The flux of survived neutrinos that do not lose signif-
icant energies by multiple scatterings is suppressed for
τν &M.
